Linear scattering processes are usually described as a function of the parameters of the incident beam. The wavelength, the intensity distribution, the polarization or the phase are among them.
INTRODUCTION
The scattering of light by small particles is an important problem in science and engineering. In most situations, an analytical solution to Maxwell equations cannot be found and the problem must be solved computationally. Educated approximations to different particle geometries are used to provide insight into the problem at hand as well as to light-matter interactions in general. There is a notorious exception to this, i.e. the scattering of a homogeneous sphere illuminated by a plane wave, which was found to have an analytical solution by Lorenz and Mie in 1898 and 1908 respectively [1, 2] . With the grounds layed out by Lorenz-Mie's theory, a big step was taken in the 1990's when the theory was extended to any kind of incident light beam [3, 4] . Thanks to these advances, the interaction between lasers beams and particles can be described in a more accurate manner.
Recently, an additional simplification to the scattering of paraxial and non-paraxial beams off spherical particles has been developed using the angular momentum (AM) of light [5, 6] . The understanding of the AM of light took a big leap forward in the 1990's, with the seminal paper by Allen and co-workers [7] . They showed that the AM of light could be controlled using elements such as quarter-wave plates and computergenerated holograms. In the beginning, the AM was especially used in optical tweezers and in quantum optics [8, 9] . More recently, along with the recent developments in vector beams, it has started to be used in nano-optics to control the excitation of nanostructures [10] [11] [12] [13] [14] [15] [16] .
In this work, we set out to experimentally study the interaction of a micron-sized single sphere with beams with a well-defined AM and helicity. We observe that the AM of light can modify the backscattering and spectrally shift its maxima and minima. Furthermore, we see that the scattering peaks are sharpened thanks to an increase of AM, as predicted in [5, 6] . Finally, it will be observed that the spectral minima and maxima of the backscattering have very different spatial distributions, and we will relate them to the helicity content of the scattering. We note that a few studies have experimentally investigated the scattering of vortex beams off spheres. In [17, 18] , it was shown that the phase singularity of monochromatic vortex beams could be used to exctract information about the position of nanoparticles. In [10, 12, 14, 15] , the authors used vortex 2 beams with polarization singularities to show that the resonant behavior of nanoparticles can be tailored by the excitation beam. Our work differs from those previously reported as it presents a series of light scattering experiments made with beams with a well-defined AM and helicity over a certain spectral range. Overall, we show that the helicity and the AM of light are two crucial properties in order to understand, predict and control the light scattering of particles.
RESULTS

Experimental set-up
The experimental set-up is schematically displayed in Figure 1 . A tunable fiber diode laser yielding a Gaussian mode is lineraly polarized and it illuminates the chip of a spatial light modulator (SLM). Afterwards, the SLM modifies the phase of the beam to create a vortex beam with a phase singularity of order l.
The first diffraction order is selected using a pair of lenses and an iris (L 3 , L 4 and I). Then, its polarization is modified to create a state of well-defined helicity with a linear polariser and a quarter-wave plate (P 2 and QWP) [16, 19] . Using a water-immersion microscope objective (MO) with a numerical aperture of NA = 1.1, the light beam is focused onto the sample. The exit pupil of MO is completely filled, yielding a spot size with a diameter of 400nm approximately.
The sample consists of a set of single TiO 2 (amorphous crystal phase) particles deposited on top of a microscope slide. The separation of the TiO 2 particles is not constant. To avoid couplings between neighboring particles, we have only probed a particle whose closest neighbors are more than 20µm apart.
The titania particles have a radius of R = 2µm, and their index of refraction in air is n r = 1.8. The slide is placed on a sample holder, which is attached to a nano-positioning device. Note that MO is a long working distance water immersion objective, therefore the incoming beam goes through water and the microscope slide first, and then it interacts with the single particle. The center of the particle is placed on the optical axis and at the focal plane of the incoming beam.
The same MO used to focus the light on the sample is used to collect the backscattering. A beam-splitter to match the polarization axis of the SLM. The SLM gives the desired spiral phase to the beam, and the first diffraction order is selected using two lenses (L 3 , L 4 ) and an iris (I). The two lenses are simultaneously used to expand the beam and match the size of the back-aperture of the microscope objective (MO). The polarisation of the beam is modified with a linear polariser (P 2 ) and a quarter-wave plate (QWP). The beam is focused onto the sample using a MO and the backscattering is collected with the same MO, and then separated from the incident beam by a beam splitter (BS). The backscattered light is imaged onto a CCD camera using L 5 , hence imaging the focal plane.
(BS) is used to separate the backscattered light from the incident beam. Afterwards, the reflected beam passes through a lens (L 5 ) that images the sample onto a CCD camera.
Measurements details
In this experiment, we want to probe the effects that the AM of light has on the spectral response of a single dielectric sphere. For this purpose, we use large particles (R = 2µm) and an SLM. The reason why micron-sized particles are needed will be analytically discussed later. The light beams will be described using three well-defined properties -their wavelength (λ), their helicity (p) and their AM along the direction of propagation of the beam (m z ). Due to the existing mirror symmetries between these types of beams [16, 20] , we do our experiments with the beams with helicity p = 1, and we will use the other helicity p = −1 as a control, i.e. to double-check the validity of the results. The mirror symmetry guarantees that the backscattering of a beam of light characterized by (λ, m z , p) will be equal to another beam with (λ, −m z , −p) [16, 20] . Note that the description of the beams holds both for the paraxial and the non-paraxial regime, since an aplanatic lens does not modify the value of any of these three parameters [16, 19, 21] . As for the effect of the glass substrate on the beam description, it has no effect on λ and m z , and its effect on p can be neglected [19] .
Experimentally, the key elements to obtain beams of well-defined AM and helicity are the SLM and the QWP (see Figure 1) . The SLM is used to create a vortex beam with a phase singularity of order l. The QWP is used to create a state of circular polarization with one of the two possible handedness. Because the beam is paraxial, we can approximately consider that if the beam is left circularly polarized, its helicity is p = 1 [21] . Hence, a paraxial right circularly polarized beam is described with p = −1. Note that it can be demonstrated that a collimated beam with helicity p and a phase singularity of order l along its axis of propagation has a total AM along the same axis of m z = l + p [16, 19, 20] .
For our measurements, we have used vortex beams with phase singularities of the order l = 0, ±1, ±2, ±6, ±7.
The wavelength of the monochromatic laser has been tuned from 760 to 810nm in steps of ∆λ = 4nm. This spectral range has been chosen as the particle supports higher order resonances in this range. 
Experimental results
In Figures 2-4 we show the collected experimental data. In Figure 2 we plot the backscattering spectra of the TiO 2 particle for λ = 760 − 810nm. The backscattering is given as a dimensionless number I. The value of I is computed as the ratio between the reflection of the particle when it is placed on the optical axis of the beam, over the reflection from the glass-air interface when the particle has been displaced 10 µm off the optical axis. The reflection signal is obtained integrating a restricted area in the snapshots taken by the CCD camera (see Methods). In order to make the plots clearer, we have divided the data in two subfigures, a) for l = 0, ±1, ±2 and b) for l = ±6, ±7. The helicity of the beam is p = 1 for both cases.
In Figure 2a ) we observe that the backscattering has a spectral oscillating behavior for all the incident vortex beams. These oscillations as a function of the wavelength have also been observed in a similar configuration in [22, 23] . However, to the best of our knowledge, the dependence of these oscillations on the excitation beam has never been discussed previously. It is observed that a circularly polarized Gaussian beam (l = 0) yields a minimum of backscattering at λ = 780nm. In contrast, the beams with l = ±1, ±2
have both a maximum and a minimum in the probed range. We see that the beams of the same value |l| yield also the same backscattering spectra.
In Figure 2b ), we see observe a different behavior. Firstly, the beams with the same |l| do not yield the same result -even though they still resemble each other. Furthermore, in comparison to Figure 2a ), we observe that the oscillating behavior is shifted and sharpened. While the spectral features for low-order angular momentum modes do not depend on the sign of l, the backscattering changes with the sign of l for high angular momenta modes.
To gain a better understanding of the back-reflection off spherical particles, we shall analyze its intensity distribution with a CCD camera. The images were integrated to obtain the data displayed in Figure 2 (see Methods), but they also provide useful insight on the features of the scattering. Figure 3 shows the recorded namely the maxima and minima obtained in Figure 2 . The third row shows the backscattering pattern of the substrate, i.e. it has obtained when the particle was moved out of the reach of the incident beam. Even though the substrate images are taken at the wavelength corresponding to the maxima (first row), it has been verified that the pattern is almost identical in the chosen studied spectral range. Now, by comparing the two upper rows, it is observed that the spatial distributions of the backscattered field vary significantly even in a short wavelength range. Moreover, we observe that the images depicted in the two rows corresponding to maximum backscattering and substrate only are almost identical.
Finally, in Figure 4 we show the results obtained for an incident beam with helicity p = −1 and l = 0, ±1, ±2, 6, 7. As mentioned before, this was done to cross-check the obtained experimental data. It is observed that the results are mirror symmetric, as it was expected [16, 20, 24] . Indeed, the spectra exhibit the same spectral behavior as well as comparable quantitative values. Also, notice that the wavelength scans for p = −1 have been done with a ∆λ < 4nm.
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DISCUSSION
In the previous section we have experimentally shown that the angular momentum of a beam can substantially change the scattering properties of a particle. Let us discuss these results and their relevance to light matter interaction in general. First of all, Figure 2 and its mirror symmetric counterpart Figure 4 show us that the strength of the scattering process strongly depends on the wavelength and it has an oscillating behavior. Furthermore, it is seen that the oscillating behavior can be shifted and narrowed depending on the properties of the incoming beam. For Gaussian beams, similar oscillations, as well as the so-called ripple structure, were measured and described in [22] . There are many ways of explaining the appearance of this kind of oscillations, depending on the level of approximation used. Ashkin et al. explained that, given that most of the light is concentrated in the center of the beam and the light is tightly focused, one could consider this effect as a simple lossy resonator [22] . Hence, an oscillating behavior is expected. The model of a lossy resonator predicts that there is a countably infinite number of resonant wavelengths [25] . These maxima are located at λ N = 2Ln/N , where n is the refractive index of the resonator, L is the length of the "cavity" and N is a positive integer that numerates the position of the maxima [25] . Here, the comparison is made with the minima of Figure 2a ), as the minima of backscattering correspond to the resonant condition of minimum leakage. We can see that, given n = 1.8 and L = 2R = 4µm, the oscillations in Figure 2a ) are predicted relatively well by N = 18 and N = 19. For instance, we can see that the minimum of l = ±1 are at 800 nm = 2 · 4 µm ·1.8/18. Moreover, the spectral distance between λ 18 and λ 19 is 2Ln(
approximately the distance between two consecutive minima for all the curves in Figure 2a ). Higher order modes seem to depart from the scenario depicted by Ashkin and coworkers, but it is possible to push this picture even further. Given the different Guoy phase shifts of optical modes, it is expected that there is a change in the oscillatory behaviour for even and odd l numbers [25] . This effect is observed for beams with l = ±1, ±2 in Figures 2a) and 4a) , where the spectral maxima of the modes with l = ±1 are indeed at the minima of l = ±2. However, this simple representation fails to describe the scattering of greater angular momentum modes, and we have to resort to a full development of the scattering problem.
A description of a similar effect was presented in [5, 26] . There, it is shown that cylindrically symmetric beams can be easily decomposed into electromagnetic multipolar modes. The semianalytical decomposition yields two simple rules. 1) The more tightly a beam is focused, the fewer multipolar modes its decomposition contains -with the opposite case being that of the plane wave, which populates all multipolar modes.
2)
The multipolar decomposition of a beam with angular momentum m z only contains multipolar modes whose order is j ≥ m z . Now, light scattering from particles is always given as a superposition of modes. In general, the number of multipoles that take part in the scattering process grows with the size of the particle. Besides, it is known the Q-factor of Mie resonances increases with the order j of the resonance [27] . Therefore, the scattering cross section features sharper resonances (higher Q-factors) when the scattering is dominated by higher-order modes. This is one of the reasons why spherical whispering gallery mode resonators are at least 20 µm in size, so that resonances of the order j = 2000 can be excited [27] . From this perspective, it is important to note that: i) Tightly focused beams with a low AM will produce broader oscillations of the backscattering, as lower multipolar modes will dominate the scattering [5] . ii) When we increase the angular momentum of the beams, the lower order modes will play a much less relevant role in the superposition, and scattering cross sections with sharper resonances will be obtained [5, 6] .
Quantitatively, this can be formalized as follows. According to Mie theory, the field scattered off a particle is analytically found once the illumination has been decomposed into multipolar modes [5, 6, 24] . That is, if the incident beam is expressed as
jmz , the scattered field is:
where a j , b j are the so-called Mie coefficients, A jmz , the scattering cross section is computed as:
As mentioned before, we can define the vortex beams used in the experiment as a function of λ, p, m z . Hence, we will denote E λ p,mz as the incident monochromatic beam with helicity p, and AM m z . In [5, 6] , it was demonstrated that if
where C jmz is the only set of coefficients that define the multipolar content of the incident beam. We shall use eq.(3) to discuss the experimental results.
Notice that the coefficients C jmz (same applies to α modify the function C jmz and, hence the number of the excited modes of the particle which contribute to the scattering process. That is, a given m z of the incident beam ensures that the contribution of the multipolar modes whose order is lower than j = (|m z | − 1) is suppressed from the scattering [5, 6, 28] . Here we can distinguish between three scenarios depending on the AM of the incident beam. If m z 2πn r R/λ, the scattering of the particle is completely suppressed [29] . If m z ∼ 2πn r R/λ, a single (or very few) multipolar mode can be excited [5, 6, 28] . And if m z 2πn r R/λ, which is the case of our experiment, different modes contribute to the scattering. Note that this the reason why micron-sized particles have been used, so that the scattering is not entirely suppressed when using high AM modes. Given a particle defined by (R, n r ) and an excitation wavelength λ, the lowest j ≈ (2πn r R/λ) multipolar modes will potentially contribute to the scattering. By increasing the AM content of the incident beam (m z ), the contribution of the lowest j = (|m z | − 1) multipolar modes is progressively suppressed, until there are no contributing modes. Since higher Mie resonances are narrower, it follows that when the low-order modes are suppressed from scattering, the spectral response of the system is sharper. This effect was theoretically shown in [5, 6] , and here we experimentally observe it in Figures 2 and 4 . Clearly, the oscillations depicted in Figures 2a ) and 4a) are broader than those shown in Figures 2b) and 4b) .
As for the spectral shift of the oscillations in Figures 2 and 4 , it is a subtle effect due to the superposition of different modes. In Methods, we show the results of some numerical simulations using a single TiO 2 sphere embedded in air with R = 2µm and n r = 1.8. The simulations show that the backscattering spectral response never resembles that of a single multipolar mode. Instead, the response of the particle is Finally, we shall explain the differences in the intensity distributions of backscattered light depicted in Figure 3 . The images show the backscattered light of the system formed by the particle and the glass-air interface excited with a beam that can be modelled as
Here, as in the rest of the paper, backscattering needs to be understood as the light scattered in the reflection semi-space (see Figure 1) . The scattering of a system can be divided into its two helicity component [16, 19, 21, 31] 
where the two components have a well-defined helicity [16] . Next, we are going to argue that the differences in the images stem from the relative difference between these two helicity components. But before, a point needs to be made about the reflection of circularly polarized light by a glass-air planar interface.
As it was commented in the Results section, the substrate by itself yields a very constant response as a function of the wavelength. It behaves as a mirror with a very low reflectivity. That is, the backscattered light off the substrate is a mirror image of the incident beam. Now, the mirror image of a beam E In general, we denote the scattered field off the system as E s . Since the system scatters light elastically and it is cylindrically symmetric, the system must conserve the wavelength λ and the AM of the incident beam, m z . Hence, E s ≡ E s,λ mz . In contrast, the helicity of light of the incident beam p is not conserved in this scattering process [16, 19, 32] , therefore the scattered field can be decomposed as E s,λ
As we depict in Figure 5 , these two components have a very different spatial dependence. If the incident beam is a circularly polarized Gaussian beam (vortex with l = 0) E i = E (see Figure 5 ). We observe that the intensity distribution of E resembles the reflection of the substrate for l = 0 (see Figure 3) . However, the other helicity component
resembles that of a vortex beam with l = 2. And this is exactly what is observed in Figure 3 at the minimum of the backscattering plots for l = 0 -except for some experimental imperfections, which split the phase singularity of charge l = +2 into two singularities of charge l = +1 [16, 33] . Thus, it seems as if the minima of the oscillations in the backscattering spectral measurements were related to different relative contributions of the two helicity components.
Next, using Mie theory, we simulate the two backscattering helicity components and we observe their relative contributions. This is displayed in Figure 6 , where the black curves show the backscattering (see Methods) and the red curves show the ratio between the two helicity squared components. Indeed, the minima in the back-scattered light correspond to approximately the maxima in the |E bs,λ
-with E bs being the scattered field in the backward semi-space. That is, the minima of the backscattering are related to maxima in helicity conservation. This is consistent with the so-called first Kerker condition [34] [35] [36] [37] , which explains the suppression of backscattering under certain conditions. As it was shown in [32, 38] , the first Kerker condition is the consequence of helicity and AM conservation. Here, it is again observed that the AM plays a key role. In Figure 7 we show the same plot as in Figure   6 when the incoming beams have m z = 7, 8 and p = 1. We see that for these two cases, it is no longer true that the minima of the backscattering are related to approximate maxima of helicity conservation. Still, as the value of the AM carried by the incoming beam increases, the helicity is better conserved -an effect which was already predicted in [28] . This can be seen if we compare the red (left) axis of Figures 6 and 7, where it is seen that the conservation of helicity is increased by two orders of magnitude.
In conclusion, we have experimentally shown that the AM and the helicity of light play a crucial role in the light scattering of a spherical particle. We have observed that by increasing the AM of the illumination, not only the scattering response can be tuned and sharpened, but also the level of conservation of helicity by a sphere can be improved by orders of magnitude. To show that, the backscattering of a single TiO 2 spherical particle deposited on a glass substrate has been experimentally measured. 
METHODS
Experimental details
Tightly focused beam engineering: Tuning the wavelength of the laser introduces some experimental challenges. In order to maintain a perfect circular polarization over the whole spectral range of the experiment, the QWP needs to change its orientation at every single wavelength. This is controlled with a motorized system. Also, since the SLM position is static but its phase depends on the wavelength, a small correction has to be given at every single wavelength so that the optical singularity is well-aligned with the propagation axis of the set-up. Furthermore, due to the chromatic aberrations of the MO, the focal plane of the MO needs to be re-assessed at each wavelength. A motorized translation stage is used for this matter. Last but not least, in order to maintain the cylindrical symmetry of the system, the particle needs to be re-centered with respect to the incident beam for every change in wavelength or AM. This is achieved by looking at the CCD camera in real time and correcting the position of the particle with the nanopositioning system.
Backscattering measurements: In order to measure the backscattering, three different power measurements have been carried out: P0, Pp, Ps. Pp is the power signal of the backscattering of the particle. Ps is the signal of the backscattering of the substrate when the particle is displaced 10µm from it. And P0 is the noise measured by the CCD camera when the laser is switched off but all the rest of devices are on. The three measurements are done using a CCD camera and integrating over all the relevant pixels. Great care has been taken not to saturate the CCD camera. In order to do that, each wavelength measurement is associated to an exposure time (E) and a neutral density filter value (F ). Then, if a signal Pi (with i = 0, p, s) is obtained after integrating the values of all the active pixels of the CCD, the real signal is evaluated as:
The previous relation assumes a linear response of the system, which is the case in our set-up due to the moderate power of the laser < 50mW . Taking all this into account, we compute: which is a dimensionless number that characterizes the backscattering of the particle that is being probed, where each of the individual P0, Pp, Ps signal measurements has taken into account eq.(4)
Numerical simulations
Backscattering simulations: The backscattering simulations are done using an analytic Mie theory code. A sphere of R = 2µm and nr = 1.8 embedded in air is used for all the simulations. The refractive index of the TiO2 particle is 1.8 because they were in their amorphous phase [39] . The incident beam at the focal point E λ p,mz is decomposed into multipolar modes following the strategy in Ref. [5] . All the E λ p,mz used in the simulations have the same beam waist before focusing, as well as a unitary intensity on a transverse plane. Given this set of incident beams, we obtain the scattered field. We integrate the scattered field on a transverse plane 1µm behind the particle. The plane has a surface of 10 × 10µm 2 . The integration of the fields in this transverse plane gives us the backscattering of the particle for a certain λ. The result is repeated over different λs.
Shift of backscattering oscillations:
Here we show the results of some numerical simulations using a single TiO2
sphere embedded in air with R = 2µm and nr = 1.8. The incoming beams are E Mie resonances cannot be spectrally tailored with an incoming beam, as its value is fixed by the geometry and the material properties of the particle [30] . That is, if the minimum that appears in Figure 8 was a resonances, it would not shift due to a change in the incoming beam.
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